INTRODUCTION {#s1}
============

Nef is an accessory protein of primate lentiviruses that is crucial for efficient virus replication and progression to AIDS in a monkey model ([@B1]) and also determines the pathogenicity of human immunodeficiency virus type 1 (HIV-1) ([@B2]). HIV-1 Nef enhances viral growth in cell lines and in primary human CD4^+^ T cells, but the effects can be quite modest ([@B3]). However, relatively robust effects of Nef on HIV-1 spreading have been observed in primary CD4^+^ T cells that were infected before mitogenic stimulation ([@B4], [@B5]). Indeed, the ability to stimulate HIV-1 replication in primary human cells under these conditions is widely conserved among HIV and simian immunodeficiency virus (SIV) Nef proteins ([@B6]). Other conserved activities of Nef include the engagement of cellular endocytic machinery for the downregulation of CD4 and of major histocompatibility class I molecules ([@B7], [@B8]). Of these activities, the downregulation of CD4 by Nef was found to play a crucial role in HIV-1 replication in primary T cells ([@B9]).

Most HIV and SIV Nef proteins also enhance the specific infectivity of progeny virions ([@B6], [@B10][@B11][@B12]). The infectivity enhancement function of Nef requires its expression in virus producer cells ([@B12], [@B13]) and is compromised if these are depleted of clathrin or dynamin 2 ([@B14]). Although Nef counteracts effects of high levels of CD4 on HIV-1 release and infectivity ([@B15], [@B16]), Nef can enhance HIV-1 infectivity even in the absence of CD4 ([@B12]) or in the presence of a CD4 that is resistant to downregulation by Nef ([@B13]). The magnitude of the effect of Nef on infectivity is determined by variable regions of the HIV-1 envelope (Env) glycoprotein, and some primary HIV-1 Envs are relatively poorly responsive to Nef ([@B17]).

HIV-1 infectivity is also potently enhanced by the accessory glycosylated Gag (glycoGag) protein of the gammaretrovirus Moloney murine leukemia virus (MLV), which does not downregulate CD4 ([@B18]). MLV glycoGag is a type II transmembrane protein with an amino-terminal cytosolic domain that is solely responsible for its Nef-like activity ([@B19]). Although glycoGag is entirely unrelated to Nef, its effect on HIV-1 infectivity, like that of Nef, depends on clathrin-mediated endocytosis and is determined by the V2 and V3 regions of Env ([@B17], [@B19]).

Nef and glycoGag both downregulate the multipass transmembrane proteins SERINC3 and SERINC5 from the cell surface and prevent their incorporation into HIV-1 virions ([@B20][@B21][@B22]). Furthermore, the unrelated S2 accessory protein of equine infectious anemia virus (EIAV), which can complement the infectivity defect of Nef-deficient (Nef^−^) HIV-1 virions, also prevents the incorporation of SERINC3 and SERINC5 into virus particles ([@B23]). In particular, virion-associated SERINC5 can dramatically reduce the infectivity of HIV-1 virions ([@B20][@B21][@B22]), and the ability of Nef to counteract SERINC5 is widely conserved among primate lentiviruses ([@B24]). Although certain primary HIV-1 Envs are relatively SERINC5 resistant, virion-associated SERINC5 nevertheless increases the sensitivity of such Envs to some neutralizing antibodies ([@B25]). Specifically, SERINC5 appears to enhance the sensitivity of HIV-1 to neutralizing antibodies that target the gp41 membrane-proximal extracellular region (MPER) ([@B25], [@B26]). Apart from restricting HIV-1 infectivity, SERINC5 significantly inhibits the specific infectivities of certain gammaretroviral particles in an Env-dependent manner, and these effects are also counteracted by MLV glycoGag or EIAV S2 ([@B27]).

SERINC knockout (KO) and reconstitution experiments have demonstrated that SERINC3 and SERINC5 together restrict both HIV-1 infectivity and HIV-1 replication in Jurkat TAg (JTAg cells). We now show that a minimal glycoGag (termed glycoMA) supports HIV-1 replication as efficiently as Nef in JTAg cells, consistent with the notion that SERINCs fully account for the attenuation of Nef^−^ HIV-1 in these cells.

However, the SERINC antagonist glycoMA was unable to rescue HIV-1 replication in MOLT-3 cells, a T lymphoid cell line with relatively low SERINC5 levels in which HIV-1 spreading is nevertheless highly dependent on Nef. In these cells, Nef potently enhanced the replication of HIV-1 isolates encoding both SERINC-sensitive and SERINC-resistant Envs. Furthermore, the requirement for Nef persisted in double-knockout MOLT-3 cells lacking SERINC3 and SERINC5 (MOLT-3 *S3/5* KO cells). Although the ability of Nef to promote virus replication in MOLT-3 cells correlated with its ability to downregulate CD4, Nef rescued HIV-1 replication even under conditions where CD4 downregulation did not occur. Nef-deficient progeny virions produced in MOLT-3 cells were remarkably poorly infectious, possibly explaining why Nef was crucial for virus spreading in these cells. Importantly, as in MOLT-3 cells, HIV-1 replication in primary human peripheral blood mononuclear cells (PBMC) that were infected prior to stimulation depended on Nef and could not be rescued by glycoMA. Thus, MOLT-3 cells may provide a relevant experimental system to understand how Nef enhances HIV-1 replication.

RESULTS {#s2}
=======

MLV glycoMA can substitute for Nef in HIV-1 replication. {#s2.1}
--------------------------------------------------------

We previously reported that Nef is critical for the spread of HIV-1~NL4-3~ in JTAg cells but dispensable in double-knockout JTAg cells lacking *SERINC3* and *SERINC5* ([@B20]). Importantly, Nef once again became critical after reconstitution of SERINC3 and SERINC5 expression in the double-KO cells ([@B20]). Furthermore, more permissive CD4^high^ versions of the parental, double-knockout, and reconstituted double-knockout JTAg cells yielded similar results ([@B20]). Because MLV glycoGag and a fully active N-terminal portion termed glycoMA share the ability of Nef to counteract SERINC3 and SERINC5 and to enhance HIV-1 progeny virion infectivity ([@B17][@B18][@B21]), we asked whether glycoMA can also promote HIV-1 replication in the presence of SERINC3 and SERINC5. To this end, we infected CD4^high^ JTAg cells with equal amounts of wild-type (WT) (Nef-positive \[Nef^+^\]) or Nef^−^ HIV-1~NL4-3~ or with NL4-3/glycoMA, a glycoMA^+^ version of HIV-1~NL4-3~ that contains a sequence encoding glycoMA in place of *nef* ([@B19]).

As previously reported ([@B20]), Nef enhanced the replication of HIV-1~NL4-3~ in CD4^high^ JTAg cells, as determined by examining the levels of Gag protein expression in the infected cultures by Western blotting ([Fig. 1A](#fig1){ref-type="fig"}). Notably, Gag expression levels on day 12 after infection with Nef^+^ or glycoMA^+^ HIV-1~NL4-3~ were comparable ([Fig. 1A](#fig1){ref-type="fig"}), implying that glycoMA was as capable of enhancing HIV-1 replication as Nef itself. As expected, Nef^−^ HIV-1~NL4-3~ replicated far more efficiently in double-knockout CD4^high^ JTAg cells lacking SERINC3 and SERINC5, but Nef again became critical for replication when SERINC3 and SERINC5 expression in the double-knockout cells was restored ([Fig. 1A](#fig1){ref-type="fig"}). Importantly, glycoMA rescued virus replication in the reconstituted double-knockout cells to a similar extent as Nef ([Fig. 1A](#fig1){ref-type="fig"}), confirming that glycoMA was fully capable of counteracting the restriction to HIV-1 spreading imposed by SERINC3 and SERINC5.

![MLV glycoMA can substitute for Nef in promoting HIV-1 replication in Jurkat cells. (A) Western blots showing the effects of Nef and glycoMA on HIV-1 spreading in parental CD4^high^ JTAg cells, double knockout cells lacking SERINC3 and SERINC5, and SERINC3- and SERINC5-reconstituted double-knockout cells. The cells were infected with equal amounts (2 ng/ml p24) of Nef^+^, Nef^−^, or glycoMA^+^ HIV-1~NL4-3~, and cell lysates were examined with anti-CA and anti-actin 12 days after infection. A duplicate experiment gave similar results. (B and C) Nef and glycoMA similarly enhance HIV-1~NL4-3~ replication in Jurkat E6.1 cells, as examined by Western blotting of cell lysates 11 days after infection (B) and by monitoring p24 accumulation in the supernatants (C). The cells were infected with 0.2 ng p24/ml. The data in panels B and C are from independent experiments.](mBio.01071-19-f0001){#fig1}

We also examined whether glycoMA affects HIV-1 replication in Jurkat E6.1 cells, which are considerably more permissive for HIV-1~NL4-3~ than JTAg or even CD4^high^ JTAg cells ([@B20]). Nevertheless, we have observed that the spread of HIV-1~NL4-3~ in Jurkat E6.1 cells is significantly accelerated by Nef when the cells are infected with relatively small amounts of input virus ([@B20]). Although we used a slightly higher concentration of input virus (200 pg/ml p24) in the two independent experiments shown in [Fig. 1B](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"}, we again observed a marked enhancement of HIV-1 spreading in Jurkat E6.1 cells by Nef, as determined by measuring Gag expression in the infected cells ([Fig. 1B](#fig1){ref-type="fig"}) or p24 antigen release over time ([Fig. 1C](#fig1){ref-type="fig"}). HIV-1 spreading was enhanced to a comparable extent by glycoMA ([Fig. 1B](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"}), indicating that as in JTAg cells, the effect of Nef on HIV-1~NL4-3~ replication in Jurkat E6.1 cells is largely due to its ability to counteract SERINCs.

The ability of glycoGag to substitute for Nef is cell type dependent. {#s2.2}
---------------------------------------------------------------------

We also examined the role of Nef in HIV-1 replication in MOLT-3 T lymphoid cells, which express about 4-fold-lower levels of *SERINC5* mRNA than Jurkat cells ([Fig. 2A](#fig2){ref-type="fig"}). Nevertheless, we observed that HIV-1~NL4-3~ replication in MOLT-3 cells is highly dependent on Nef ([Fig. 2B](#fig2){ref-type="fig"} and [C](#fig2){ref-type="fig"}). Furthermore, unlike in Jurkat E6.1 cells, which were infected in parallel ([Fig. 1B](#fig1){ref-type="fig"}), WT (Nef^+^) HIV-1~NL4-3~ replicated far more efficiently in MOLT-3 cells than did the glycoMA^+^ version, as judged from the amount of Gag expressed in the cells on day 11 after infection ([Fig. 2B](#fig2){ref-type="fig"}). In a separate experiment, in which virus replication was monitored by measuring the release of p24 antigen over time, the replication of HIV-1~NL4-3~ in MOLT-3 cells was similarly profoundly impaired when *nef* was either disrupted or replaced by a sequence encoding glycoMA ([Fig. 2C](#fig2){ref-type="fig"}).

![Potent enhancement of HIV-1 replication in MOLT-3 cells and PBMC by Nef but not glycoMA. (A) *SERINC* mRNA expression in Jurkat E6.1 and MOLT-3 cells quantified by transcriptome sequencing (RNA-seq) as fragments per kilobase of transcript per million mapped reads (FPKM) (*n* = 2). (B) Nef but not glycoMA (gMA) potently enhances HIV-1~NL4-3~ replication in MOLT-3 cells. Gag expression at day 11 after infection with equal amounts (0.2 ng/ml p24) of Nef^+^, Nef^−^, or glycoMA^+^ HIV-1~NL4-3~ was examined by Western blotting. (C) Virus replication in MOLT-3 cells infected with the same viruses (at 2 ng/ml p24) monitored by a p24 ELISA. (D) Virus replication in MOLT-3 cells and in PBMC examined in parallel by Western blotting of cell lysates with anti-CA. MOLT-3 cells stimulated or not with 100 ng/ml TNF-α were infected with Nef^+^, Nef^−^, or glycoMA^+^ HIV-1~NL4-3~ (0.2 ng/ml p24 each). Unstimulated PBMC were infected with the same viruses (at 0.25 ng/ml p24) and stimulated with PHA on day 4 after infection. (E and F) Virus replication in the same cultures monitored by a p24 ELISA. (G) Virus replication in prestimulated PBMC monitored by a p24 ELISA after infection with Nef^+^, Nef^−^, or glycoMA^+^ HIV-1~NL4-3~ (0.25 ng/ml p24 each). This experiment was performed twice. The data in panels B to D are from independent experiments. The results in panels E and F were confirmed in independent experiments.](mBio.01071-19-f0002){#fig2}

Because Nef has been reported to prime T cells for activation ([@B28][@B29][@B30]), we also examined the effects of Nef and glycoMA on HIV-1 replication in tumor necrosis factor alpha (TNF-α)-stimulated MOLT-3 cells. Notably, it has been shown that stimulation with TNF-α at 10 ng/ml is sufficient to potently induce HIV-1 expression in latently infected Jurkat cells ([@B31]). Although the replication of WT (Nef^+^) HIV-1~NL4-3~ in MOLT-3 cells stimulated with 100 ng/ml TNF-α was greatly accelerated compared to its replication in unstimulated cells, Nef^−^ and glycoMA^+^ HIV-1~NL4-3~ did not replicate, even in TNF-α-stimulated MOLT-3 cells ([Fig. 2D](#fig2){ref-type="fig"} and [E](#fig2){ref-type="fig"}). These observations imply that Nef can profoundly accelerate HIV-1 replication even in activated cells.

Nef enhances the spread of HIV-1 in primary human target cells, particularly when these cells are infected prior to mitogenic stimulation ([@B4][@B5][@B6]). To determine whether glycoMA mimics the effect of Nef on HIV-1 replication in primary cells, unstimulated human PBMC were infected immediately after isolation and stimulated with phytohemagglutinin (PHA) 4 days later. Interestingly, under these conditions, the replication of the Nef^+^, Nef^−^, and glycoMA^+^ viruses in primary cells resembled that in MOLT-3 cells, which were infected in parallel with a similarly small amount of input virus ([Fig. 2D](#fig2){ref-type="fig"} to [F](#fig2){ref-type="fig"}). Specifically, while HIV-1~NL4-3~ (Nef^+^) clearly replicated in primary cells following PHA stimulation, the replication of both Nef^−^ HIV-1~NL4-3~ and NL4-3/glycoMA was highly attenuated ([Fig. 2D](#fig2){ref-type="fig"} and [F](#fig2){ref-type="fig"}). Consistent with a previous study ([@B9]), Nef also enhanced the replication of T cell-tropic HIV-1~NL4-3~ in prestimulated PBMC, but glycoMA did not ([Fig. 2G](#fig2){ref-type="fig"}). We conclude that glycoMA mimicked the effect of Nef on HIV-1 replication in Jurkat but not in MOLT-3 cells or in PBMC.

Replication of SERINC5-resistant HIV-1 in MOLT-3 cells also depends on Nef. {#s2.3}
---------------------------------------------------------------------------

The observation that glycoMA expressed in *cis* rescued the replication of Nef-deficient HIV-1 in Jurkat cells is consistent with the notion that Nef accelerates HIV-1 replication in these cells by counteracting SERINCs. Conversely, the inability of glycoMA to substitute for Nef in MOLT-3 cells suggested that the profound restriction of HIV-1 replication that we observed in these cells in the absence of Nef was not merely caused by SERINCs. To examine this issue, we generated variants of HIV-1~NL4-3~, termed NL-JRFL and NL-ADA, which have the *env* gene replaced with that from the JRFL and ADA primary HIV-1 isolates, respectively. In contrast to Env~NL4-3~, which is highly responsive to Nef and glycoMA, Env~JRFL~ and Env~ADA~ are poorly Nef responsive ([@B17]), indicating that they are relatively resistant to SERINCs. In support of this notion, the depletion of SERINC3 and SERINC5 in virus-producing JTAg cells has little effect on the infectivity of progeny virions bearing Env~JRFL~, even though it profoundly increases the infectivity of virions bearing Nef-responsive Envs ([@B20]). Furthermore, there is direct evidence that even overexpressed SERINC5 has relatively little effect on the infectivity of HIV-1 pseudovirions bearing Env~JRFL~ ([@B21]).

Because Env~JRFL~ and Env~ADA~ are R5 tropic, we generated MOLT-3 cells expressing CCR5 by retroviral transduction. Following infection with Nef^+^ and Nef^−^ versions of NL-JRFL, we observed that the Nef^+^ version replicated in these cells, whereas the Nef^−^ version did not ([Fig. 3A](#fig3){ref-type="fig"}). Since even the Nef^+^ version replicated relatively slowly, we also used retroviral transduction to generate CD4^high^ MOLT-3 cells expressing CCR5. As expected, these cells were more permissive for Nef^+^ NL-JRFL, but Nef^−^ NL-JRFL still failed to replicate over an observation period of more than 3 weeks ([Fig. 3B](#fig3){ref-type="fig"}). Additionally, we observed that only a Nef^+^ version of NL-ADA replicated in these cells ([Fig. 3C](#fig3){ref-type="fig"}), even though a relatively large amount of input virus (10 ng/ml p24) was used in this experiment. These observations indicate that in MOLT-3 cells, even the replication of HIV-1 strains that are relatively resistant to SERINCs is highly dependent on Nef.

![Replication of SERINC5-resistant HIV-1 in MOLT-3 cells depends on Nef. (A and B) Virus replication in MOLT-3/CCR5 cells (A) or CD4^high^ MOLT-3/CCR5 cells (B) infected with equal amounts (1 ng p24/ml) of NL-JRFL or NL-JRFL/nef^−^. HIV-1 replication was monitored by a p24 ELISA. (C) Virus replication in CD4^high^ MOLT-3/CCR5 cells infected with equal amounts (10 ng p24/ml) of NL-ADA or NL-ADA/nef^−^. The results in panels B and C were confirmed in experiments performed with different amounts of input virus.](mBio.01071-19-f0003){#fig3}

Nef is required for efficient HIV-1 replication in MOLT-3 cells lacking SERINC3 and SERINC5. {#s2.4}
--------------------------------------------------------------------------------------------

The observation that glycoMA did not mimic the effect of Nef on HIV-1~NL4-3~ replication in MOLT-3 cells raised the possibility that the profound restriction of Nef-deficient HIV-1 in these cells was not primarily due to SERINC3 and SERINC5, which are counteracted by both Nef and glycoMA. To examine this possibility, we knocked out *SERINC5* in MOLT-3 cells by CRISPR/Cas9-mediated gene editing and used the resulting cells to additionally knock out *SERINC3* ([Fig. 4A](#fig4){ref-type="fig"}). The ability of HIV-1~NL4-3~ to replicate remained highly dependent on Nef both in knockout MOLT-3 cells lacking SERINC5 and in double-knockout MOLT-3 cells lacking SERINC3 and SERINC5 ([Fig. 4B](#fig4){ref-type="fig"}). These results support the notion that MOLT-3 cells express another restriction factor that is counteracted by Nef.

![Nef is required for efficient HIV-1 replication in MOLT-3 cells lacking SERINC3 and SERINC5. (A) Mutant SERINC alleles identified in SERINC5 knockout and SERINC3/5 double-knockout clones. The sgRNA target sites are highlighted, and the predicted Cas9 target sites are indicated by arrowheads. Inserted nucleotides are in red. One of the mutated *SERINC3* alleles in MOLT-3 *S3/5* KO cells has a large deletion that removes the splice site at the 3′ end of the targeted exon. All other mutations cause frameshifts. No WT alleles were detected in any of the KO clones. (B) Western blots showing the effects of Nef on HIV-1 spreading in MOLT-3 cells lacking SERINC5 (*S5* KO) or SERINC3 and SERINC5 (*S3/5* KO). The cells were infected with equal amounts (0.2 ng/ml p24) of Nef^+^ or Nef^−^ HIV-1~NL4-3~. This experiment was performed twice.](mBio.01071-19-f0004){#fig4}

Replication of Nef mutants in MOLT-3 cells. {#s2.5}
-------------------------------------------

A previous analysis of a panel of Nef mutants revealed a strong genetic correlation between the ability of Nef to enhance HIV-1 replication in activated primary CD4^+^ T cells and its ability to downregulate CD4 ([@B9]). For instance, the L164/165A and D174/175A mutations, which have been shown to abrogate the ability of Nef to downregulate CD4 without affecting Nef expression levels ([@B9], [@B32][@B33][@B34]), significantly delayed replication in primary cells although not as severely as a null mutation in *nef* ([@B9]). Similarly, the L164/165A and D174/175A mutations significantly impaired the replication of HIV-1~NL4-3~ in MOLT-3 cells, while a null mutation in *nef* completely prevented the replication of HIV-1~NL4-3~ in this experiment ([Fig. 5A](#fig5){ref-type="fig"}). We also tested the effect of a lysine substitution at position 174 of Nef (D174K), which has been reported to completely disrupt CD4 downregulation without compromising Nef expression or its ability to affect T cell receptor signaling ([@B35], [@B36]). As shown in [Fig. 5A](#fig5){ref-type="fig"}, the D174K mutant replicated as poorly in MOLT-3 cells as the D174/175A mutant.

![Replication of Nef mutants in MOLT-3 cells. (A) Effects of mutations that abrogate AP-2 binding and/or CD4 downregulation by Nef. (B) Effects of mutations that disrupt AP-1 binding (E160A), PAK2 binding (F191I), or Nef myristylation (G2A). (C) Effects of mutations that disrupt interactions with Src kinases (P69/72A) or dynamin 2 (L112A, F121A, and D123A). MOLT-3 cells were infected with 5 ng (A) or 2 ng (B and C) p24/ml, and virus replication was monitored by a p24 ELISA.](mBio.01071-19-f0005){#fig5}

Together with Nef residue E160, the L164-L165 dileucine motif within the central loop of Nef fits the consensus for a \[DE\]XXXL\[LI\]-type sorting signal recognized by clathrin adaptor protein (AP) complexes ([@B32], [@B37]). Indeed, an E160A mutation in Nef abrogated binding to AP-1 and AP-3 hemicomplexes ([@B37]). Nevertheless, the E160A mutation had little if any effect on the ability of Nef to downregulate CD4 ([@B32], [@B33], [@B37]), possibly because this activity of Nef depends on AP-2 ([@B37]). As shown in [Fig. 5B](#fig5){ref-type="fig"}, the E160A mutation also had no effect on the ability of Nef to enhance the replication of HIV-1~NL4-3~ in MOLT-3 cells.

The replication of HIV-1~NL4-3~ in MOLT-3 cells was not affected by the F191I mutation in Nef ([Fig. 5B](#fig5){ref-type="fig"}), which specifically eliminates the association of Nef with p21-activated kinase 2 (PAK2) without compromising other activities, such as CD4 downregulation ([@B38]). In contrast, HIV-1~NL4-3~ replication in MOLT-3 cells was severely impaired by the G2A mutation ([Fig. 5B](#fig5){ref-type="fig"}). The G2A mutation has been reported to disrupt Nef myristylation without affecting Nef expression ([@B39]), to impair the downregulation of CD4 by Nef ([@B40]), and to compromise HIV-1 replication in primary T cells ([@B9]).

PXXP motifs in HIV-1 Nef have been implicated in interactions with the SH3 domains of Src kinases and in the enhanced replication of Nef^+^ viruses in PBMC ([@B41]). However, in another study, a P69/P72A mutation in Nef had no effect on HIV-1 replication in primary CD4^+^ cells and only partially impaired CD4 downregulation by Nef ([@B9]). As shown in [Fig. 5C](#fig5){ref-type="fig"}, the P69/P72A mutation moderately delayed the replication of HIV-1~NL4-3~ in MOLT-3 cells. More drastic replication defects were observed with single amino acid substitutions of surface-exposed Nef core domain residues (L112A, F121A, and D123A) that have been shown to impair the interaction of Nef with the endocytic fission factor dynamin 2 without affecting Nef expression levels ([@B14]) ([Fig. 5C](#fig5){ref-type="fig"}). Of note, Nef residues L112, F121, and D123 are all individually critical for CD4 downregulation ([@B42], [@B43]). Taken together, these observations in the MOLT-3 cell system were consistent with a role of CD4 downregulation in the enhancement of HIV-1 replication by Nef, as was proposed previously ([@B9]).

Nef can profoundly enhance HIV-1 replication in the absence of CD4 downregulation. {#s2.6}
----------------------------------------------------------------------------------

Because the enhancement of HIV-1 replication in MOLT-3 cells by Nef was impaired by mutations that are known to impair its ability to downregulate CD4, we examined whether Nef is capable of enhancing virus replication in MOLT-3 cells expressing a Nef-resistant CD4 molecule. To avoid the downregulation of cell surface CD4 by Nef, we used retroviral transduction to generate MOLT-3 cells that express high levels of a truncated CD4 molecule (M3/CD4~ΔCT~ cells). The CD4~ΔCT~ mutant lacks the 25 C-terminal residues of the cytoplasmic domain ([@B44]), which is required for Nef-induced CD4 downregulation ([@B45]). In particular, the CD4~ΔCT~ molecule lacks a membrane-proximal dileucine motif in the cytoplasmic domain that is critical for Nef-induced endocytosis ([@B40]). As shown in [Fig. 6A](#fig6){ref-type="fig"}, the CD4 levels on M3/CD4~ΔCT~ cells exceed the endogenous levels on MOLT-3 cells by nearly 10-fold, indicating that most of the CD4 on M3/CD4~ΔCT~ cells lacked a cytoplasmic domain required for Nef-induced downregulation. Nevertheless, WT (Nef^+^) HIV-1~NL4-3~ clearly replicated in these cells, whereas a Nef^−^ version showed no sign of replication during a 20-day observation period ([Fig. 6B](#fig6){ref-type="fig"}).

![Nef enhances HIV-1 replication in MOLT-3 cells expressing high levels of a Nef-resistant CD4. (A) CD4 surface levels on parental MOLT-3 cells and on MOLT-3 cells stably transduced with a retroviral vector expressing a Nef-resistant CD4 (M3/CD4~ΔCT~ cells). (B) Virus replication in M3/CD4~ΔCT~ cells monitored by a p24 ELISA after infection with equal amounts (2 ng p24/ml) of Nef^+^ or Nef^−^ HIV-1~NL4-3~.](mBio.01071-19-f0006){#fig6}

To formally exclude the possibility that significant downregulation of CD4 by Nef occurred in infected M3/CD4~ΔCT~ cells because of the presence of endogenous CD4, we expressed Nef in M3/CD4~ΔCT~ cells from a retroviral vector. As shown in [Fig. 7A](#fig7){ref-type="fig"}, cells stably transduced with a vector encoding Nef~LAI~ (M3/CD4~ΔCT~/Nef~LAI~ cells) expressed exactly the same amount of surface CD4 as cells transduced with the empty vector (M3/CD4~ΔCT~/vector cells). As expected, Nef^+^ but not Nef^−^ HIV-1~NL4-3~ replicated in M3/CD4~ΔCT~/vector cells ([Fig. 7B](#fig7){ref-type="fig"}, left). In marked contrast, Nef^−^ HIV-1~NL4-3~ replicated in M3/CD4~ΔCT~/Nef~LAI~ cells even better than Nef^+^ HIV-1~NL4-3~ ([Fig. 7B](#fig7){ref-type="fig"}, right). Thus, Nef was able to rescue the replication of Nef^−^ HIV-1 when provided in *trans*, even though it had no effect on CD4 surface levels.

![Nef enhances HIV-1 replication in MOLT-3 cells in the absence of CD4 downregulation. (A) CD4 surface levels on M3/CD4~ΔCT~ cells stably transduced with the empty pCX4pur retroviral vector (M3/CD4~ΔCT~/vector cells) or a version expressing Nef~LAI~ (M3/CD4~ΔCT~/Nef~LAI~ cells). (B) Virus replication in M3/CD4~ΔCT~/vector and M3/CD4~ΔCT~/Nef~LAI~ cells monitored by a p24 ELISA after infection with equal amounts (2 ng p24/ml) of Nef^+^ or Nef^−^ HIV-1~NL4-3~. The effect of Nef in *trans* on Nef^−^ HIV-1~NL4-3~ was confirmed in an independent experiment. (C and D) Replication of Nef^−^ HIV-1~NL4-3~ in M3/CD4~ΔCT~ cells stably expressing various group M Nef proteins (C) or a group N Nef protein (D).](mBio.01071-19-f0007){#fig7}

Since Nef~LAI~ is from a laboratory-adapted strain, we also generated M3/CD4~ΔCT~ cells stably transduced with retroviral vectors encoding the Nef proteins of primary group M and group N HIV-1 isolates, none of which affected CD4 or CXCR4 surface levels (data not shown). Nef^−^ HIV-1~NL4-3~ replicated with comparable efficiencies in M3/CD4~ΔCT~ cells expressing the group M Nef proteins Nef~LAI~ (subtype B), Nef~97ZA012~ (subtype C), and Nef~93BR020~ (subtype F) in *trans* ([Fig. 7C](#fig7){ref-type="fig"}). Furthermore, the replication of Nef^−^ HIV-1~NL4-3~ was only slightly delayed in M3/CD4~ΔCT~ cells expressing the Nef protein of group N isolate YBF30 rather than a group M Nef protein ([Fig. 7D](#fig7){ref-type="fig"}). Importantly, replication was again negligible when no Nef was provided in *trans* ([Fig. 7C](#fig7){ref-type="fig"} and [D](#fig7){ref-type="fig"}). We conclude that the ability of Nef to enhance HIV-1 replication in the absence of CD4 downregulation is conserved among widely divergent HIV-1 Nef proteins.

Nef but not glycoMA enhances HIV-1 infectivity in MOLT-3 cells. {#s2.7}
---------------------------------------------------------------

To determine the effects of Nef and glycoMA on the infectivity of virions produced in MOLT-3 cells, infections were started with relatively large amounts of input virus, and virus replication was allowed to proceed for about 3 weeks. The cell culture medium was then replaced with fresh medium, and virus was harvested 24 h later and used to infect MOLT-3/ZsGreen indicator cells after normalization for p24 antigen. MOLT-3/ZsGreen cells contain a reporter gene encoding ZsGreen-NLS that is *trans*-activated by Tat upon infection with HIV-1 ([@B46]). To limit virus replication in the MOLT-3 indicator cells to a single round, an entry inhibitor (AMD3100) was added after overnight incubation. After further incubation to allow ZsGreen expression, infected (ZsGreen-positive) cells were quantified by flow cytometry. As shown in [Fig. 8A](#fig8){ref-type="fig"}, the specific infectivity of MOLT-3-derived WT (Nef^+^) HIV-1~NL4-3~ measured on MOLT-3 indicator cells was about 10-fold higher than that of Nef^−^ or glycoMA^+^ HIV-1~NL4-3~ produced in the same cells. Thus, glycoMA does not share the ability of Nef to enhance HIV-1 infectivity in MOLT-3 cells.

![Nef but not glycoMA enhances the infectivity of HIV-1 produced in MOLT-3 cells. (A) Dot blots showing ZsGreen expression in MOLT-3/ZsGreen reporter cells after infection with equal amounts of Nef^+^, Nef^−^, or glycoMA^+^ HIV-1~NL4-3~ produced in MOLT-3 cells. FSC, forward scatter. (B) HIV-1 virions produced in MOLT-3 cells are relatively poorly infectious. Relative infectivities of Nef^+^ and Nef^−^ HIV-1~NL4-3~ produced in 293T or MOLT-3 cells were measured using TZM-bl indicator cells.](mBio.01071-19-f0008){#fig8}

However, even the infectivity of the WT virus appeared to be very low. To examine whether this was due to the use of MOLT-3-based indicator cells, we instead used HeLa-derived TZM-bl indicator cells in another experiment. Furthermore, we compared the infectivities of Nef^+^ and Nef^−^ HIV-1~NL4-3~ produced by infected MOLT-3 cells to equal amounts of virus produced by transfected 293T cells. Remarkably, compared to 293T cell-derived virus, the specific infectivity of WT (Nef^+^) HIV-1~NL4-3~ was more than 20-fold lower when produced in MOLT-3 cells, and the specific infectivity of Nef^−^ HIV-1~NL4-3~ was more than 80-fold lower ([Fig. 8B](#fig8){ref-type="fig"}). These observations indicate that Nef^−^ virus produced in MOLT-3 cells is barely infectious, which may explain why Nef is crucial for virus propagation in these cells.

DISCUSSION {#s3}
==========

In principle, Nef can enhance HIV-1 replication simply by counteracting SERINC3 and SERINC5, as implied by SERINC knockout and reconstitution experiments in JTAg cells ([@B20]). In the present study, we have obtained evidence supporting this notion by showing that a minimal version of the SERINC antagonist glycoGag can fully substitute for Nef in enhancing HIV-1 replication in JTAg and Jurkat E6.1 cells, which express large amounts of endogenous SERINC5 ([@B21]). Although MLV glycoGag and the glycoMA derivative are entirely unrelated to Nef, they share its ability to counteract the effects of SERINC3 and SERINC5 on HIV-1 infectivity ([@B20]).

Indeed, glycoGag and glycoMA are more potent than Nef in enhancing the infectivities of HIV-1 virions bearing Envs that are highly sensitive to SERINCs, such as Env~NL4-3~ ([@B17], [@B20]). We were therefore surprised that glycoMA was essentially unable to substitute for Nef in promoting the spread of HIV-1~NL4-3~ in MOLT-3 cells, a T cell line in which we find HIV-1 replication to be particularly dependent on Nef, even though *SERINC5* mRNA levels are about 4-fold lower than those in Jurkat cells. Indeed, Nef-deficient HIV-1~NL4-3~ was highly attenuated even in MOLT-3 cells lacking SERINC3 and SERINC5, whereas Nef^+^ HIV-1~NL4-3~ replicated vigorously. Remarkably, a dramatic requirement for Nef for virus replication was also observed in MOLT-3 cells stimulated with TNF-α. Although TNF-α significantly accelerated the replication kinetics of WT (Nef^+^) HIV-1~NL4-3~ in MOLT-3 cells, and led to very high levels of virus production, a Nef^−^ version or a version encoding glycoMA instead of Nef still failed to replicate.

The effects of Nef and of SERINCs on HIV-1 infectivity are determined by HIV-1 Env, and at least some primary Envs appear to be far less affected by SERINCs than laboratory-adapted Envs ([@B17], [@B20], [@B21]). For instance, HIV-1 infectivity conferred by the Env protein of the R5-tropic primary strain JRFL was only marginally enhanced by Nef or the simultaneous depletion of SERINC3 and SERINC5 ([@B17], [@B20]) and was only moderately sensitive to overexpressed SERINC5 ([@B21]). Therefore, effects of Nef on HIV-1 replication that depend on its ability to counteract SERINCs would be expected to be much less significant in the presence of relatively SERINC-resistant Envs, such as Env~JRFL~ or Env~ADA~, than in the presence of the highly SERINC-sensitive Env~NL4-3~. However, in MOLT-3 cells, the replication of variants of HIV-1~NL4-3~ that encode Env~JRFL~ or Env~ADA~ was as strongly dependent on Nef as that of authentic HIV-1~NL4-3~. These findings show that MOLT-3 cells tightly restrict both SERINC-sensitive and SERINC-resistant viruses that lack Nef, which raises the possibility that these cells express a Nef-sensitive antiviral host factor that targets both laboratory-adapted and primary HIV-1 strains.

The L164/165A and D174/175A mutations in Nef, which abrogate AP-2 binding by Nef ([@B47]), significantly impaired HIV-1 replication in MOLT-3 cells, consistent with the notion that Nef is needed for the downregulation of an antiviral host factor in these cells. While the L164/165 dileucine motif is required for the binding of Nef to several clathrin adaptor complexes, the D174/175 diacidic motif is required only for the interaction with AP-2 ([@B47]). Our analysis of a panel of Nef mutants also suggested that the ability of Nef to rescue HIV-1 replication in MOLT-3 cells correlates with its ability to downregulate CD4. Interestingly, a strong genetic correlation between CD4 downregulation by Nef and the efficiency of HIV-1 replication in primary T cells has been noted previously ([@B9]). It has also been shown that high levels of CD4 on infected cells sequester HIV-1 Env and dramatically reduce progeny virion infectivity, an effect that is counteracted by Nef ([@B16]). We have therefore explored the possibility that CD4 downregulation by Nef contributes to its enhancement of virus replication in MOLT-3 cells. However, MOLT-3 cells that predominantly expressed a truncated CD4 that is resistant to Nef-mediated downregulation remained permissive for Nef^+^ HIV-1. Furthermore, a panel of widely divergent HIV-1 group M and group N Nef proteins, when stably expressed in *trans* in these cells, rescued the replication of Nef^−^ HIV-1 but did not affect cell surface CD4 levels. Taken together, these observations indicate that the ability to rescue HIV-1 replication in MOLT-3 cells is highly conserved among HIV-1 Nef proteins and does not depend on CD4 downregulation.

Our results indicate that Nef^−^ virus produced in MOLT-3 cells is very poorly infectious, which may account for the pronounced replication defect of Nef^−^ HIV-1 in these cells. Consistent with this notion, Nef enhanced both the infectivity of MOLT-3-derived virus and virus replication, whereas glycoMA did neither. Also, the inability of glycoMA to enhance the infectivity of Nef^−^ virus produced in MOLT-3 cells suggests that SERINCs are not primarily responsible for its very low specific infectivity.

As in MOLT-3 cells, Nef was critical for HIV-1 replication in primary human PBMC that were infected prior to stimulation, and the potent SERINC antagonist glycoMA was unable to substitute for Nef. Of note, this observation is consistent with the recent finding that SIVcol Nef does not efficiently enhance HIV-1 replication in human primary cells, even though it induces the efficient degradation of SERINC5 ([@B48]). Taken together, our observations indicate that the ability of Nef to antagonize SERINCs fully accounts for its effect on HIV-1~NL4-3~ replication in some cell lines but not in MOLT-3 cells or in primary human CD4^+^ T cells. Furthermore, the comparably potent effects of Nef but not glycoMA in MOLT-3 cells and in PBMC suggest that MOLT-3 cells provide a relevant model system to examine the role of Nef in HIV-1 replication.

MATERIALS AND METHODS {#s4}
=====================

HIV-1 proviral constructs. {#s4.1}
--------------------------

NL4-3/Nefstop is a *nef*-deficient variant of the pNL4-3 infectious proviral clone ([@B20]). NL4-3/glycoMA was also described previously ([@B19]). The infectious proviral clones NL-JRFL, NL-JRFL/nef^−^, NL-ADA, and NL-ADA/nef^−^ were generated by replacing a KpnI-BamHI fragment of pNL4-3 or NL4-3/nef^−^ ([@B14]) with the corresponding fragment from the pSVIIIenv-based Env~JRFL~ ([@B49]) and Env~ADA~ ([@B50]) expression vectors. NL4-3/nef^−^ harbors a frameshift in *nef* ([@B14]). Mutations in the *nef* gene of pNL4-3 were introduced by inserting mutant *nef* sequences derived from subviral constructs between unique BamHI and XhoI or XhoI and NcoI sites.

Retroviral vectors. {#s4.2}
-------------------

The codon-optimized human *CCR5* gene synCCR5 ([@B51]) was cloned into the retroviral vectors pCXbsr ([@B52]) and pCX4pur ([@B53]). The coding sequence for human CD4 was cloned into pCXbsr. The pCXbsrCD4~ΔCT~ retroviral vector, which encodes a human CD4 that lacks most of the cytoplasmic domain, was described previously ([@B46]). HIV-1 group M *nef* genes were amplified from previously described expression plasmids ([@B14]) and cloned into pCX4pur. A codon-optimized gene encoding the Nef protein of group N isolate YBF30 (GenBank accession number [CAA06817](https://www.ncbi.nlm.nih.gov/protein/CAA06817)) was synthesized and cloned into pCX4pur.

Cells. {#s4.3}
------

Jurkat E6.1 and MOLT-3 cells were obtained from the ATCC. TZM-bl indicator cells were obtained from the AIDS Research and Reference Reagent Program, NIAID, NIH. CD4^high^ JTAg cells, double-knockout CD4^high^ JTAg cells lacking SERINC3 and SERINC5, and double-knockout CD4^high^ JTAg cells reconstituted with SERINC3 and SERINC5 expression cassettes were described previously ([@B20]).

MOLT-3 cells lacking SERINC5 were obtained as described previously ([@B20]), by transiently transfecting an expression plasmid for a single-guide RNA (sgRNA) targeting an exon within the *SERINC5* gene into MOLT-3 cells by nucleofection, along with a plasmid expressing Cas9. To obtain double-knockout cells, MOLT-3 *S5* KO cells were cotransfected with an sgRNA targeting the *SERINC3* gene and the Cas9 expression plasmid, as described previously ([@B20]). The sites targeted by the sgRNAs are depicted in [Fig. 4A](#fig4){ref-type="fig"}. Clones obtained by limiting dilution were prescreened by PCR amplification of the targeted regions of the genome and digestion of the PCR products with HaeII (for *SERINC5*) or BtsCI (for *SERINC3*), as described previously ([@B20]). In cases where no WT allele could be detected by restriction enzyme analysis, the PCR products were cloned into pCR-Blunt II-TOPO (Life Technologies), and approximately 20 independent clones were sequenced.

MOLT-3/ZsGreen indicator cells were described previously ([@B46]). MOLT-3/CCR5 cells were generated by retroviral transduction with pCXbsr-synCCR5 and selection with blasticidin. CD4^high^ MOLT-3/CCR5 cells were obtained by transduction with pCXbsrCD4 and selection with blasticidin, followed by transduction with pCX4pur-synCCR5 and selection with puromycin. M3/CD4~ΔCT~ cells were made by transducing MOLT-3 cells with pCXbsrCD4~ΔCT~, followed by selection with blasticidin. M3/CD4~ΔCT~ cells were subsequently transduced with the empty vector pCX4pur or with versions encoding various Nef proteins, followed by selection with puromycin.

Virus replication studies. {#s4.4}
--------------------------

Virus was produced by transiently transfecting 293T cells with replication-competent HIV-1 proviral clones. Virus-containing supernatants were passed through 0.45-μm filters, normalized for p24 antigen with an HIV-1 p24 enzyme-linked immunosorbent assay (ELISA) kit (PerkinElmer or XpressBio), and used to infect target cells. T lymphoid cells (2 × 10^5^) were infected in T25 flasks in 5 ml medium. PBMC were isolated from the blood of healthy donors by Ficoll-Hypaque density gradient centrifugation, seeded into 6-well plates at a density of 10 × 10^6^ cells/well in 4 ml medium, and immediately infected at a p24 concentration of 0.25 ng/ml. On day 4 after infection, the cells were stimulated with 1 μg/ml PHA (Sigma). The next day, the PHA-containing culture medium was replaced with medium containing 10 U/ml interleukin 2 (Roche Applied Science). Alternatively, PBMC were prestimulated with 1 μg/ml PHA immediately after isolation and infected 24 h later in the presence of 10 U/ml interleukin 2. Virus replication was examined by comparing Gag protein expression levels in infected cells by Western blotting using anti-CA antibody 183-H12-5C and by measuring p24 antigen in the culture supernatants by a p24 ELISA.

Analysis of virus infectivity. {#s4.5}
------------------------------

MOLT-3 cells chronically infected with NL4-3, NL4-3/Nefstop, or NL4-3/glycoMA were washed and resuspended in fresh medium. Supernatants harvested 24 h later were clarified by low-speed centrifugation, filtered through 0.45-μm filters, normalized for p24 antigen, and used to infect MOLT-3/ZsGreen clone 45 cells, which turn bright green upon HIV-1 infection ([@B46]). To limit virus replication to a single cycle, the entry inhibitor AMD3100 (5 μM) was added 16 h later. After another 2 days, the cells were stained with Live/Dead fixable far-red dead cell stain (Invitrogen) and fixed with 4% paraformaldehyde, and ZsGreen expression by live cells was analyzed on a Becton, Dickinson LSRII flow cytometer.

Alternatively, supernatants containing progeny virions produced by transiently transfected 293T cells or chronically infected MOLT-3 cells were used to infect TZM-bl indicator cells in duplicate. On day 3 postinfection, the indicator cells were lysed, β-galactosidase activity induced as a consequence of infection was measured, and values were normalized for the amount of p24 antigen present in the supernatants used for infection, as described previously ([@B54]).
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